1.. INTRODUCTION
================

1.1.. Endothelin
----------------

Endothelin (ET) was first isolated from porcine aortic endothelial cells and characterized as the most potent vasoconstrictor substance in 1988 \[[@R1]\]. It consists of 21 amino acid residues with two disulfide intramolecular bonds \[[@R1]\]. It was also found that there are 3 isopeptides of ET in the mammalian tissues: ET-1, ET-2 and ET-3 \[[@R1], [@R2]\]. All three endogenous isopeptides have since been implicated in a number of physiological and pathological roles including regulation of blood flow and pressure, apoptosis and immune modulation.

The biological responses of ET-1 are mediated through activation of two distinct G-protein-coupled receptors (GPCRs): ET~A~ and ET~B~ (Fig. **[1](#F1){ref-type="fig"}**). These receptors consist of seven hydrophobic transmembrane domains, with an intracytoplasmic C terminus and an extracellular N terminus \[[@R3]\]. Variations in the C terminus account for differences in the binding affinities of the three isopeptides to each receptor. While all three ETs have equal affinity for the ET~B~ receptor, ET-3 has a lower affinity for the ET~A~ receptor compared to either ET-1 or ET-2 \[[@R4]\].

In the cardiovascular system, vascular smooth muscle cells have ET~A~ receptors which produce vasoconstriction *via* a biphasic increase in intracellular \[Ca2+\] \[[@R5]\]. ET~B~ receptors, on the other hand, are primarily located on vascular endothelial cells, where they are coupled to the activation of nitric oxide synthase (NOS) *via* calcium-calmodulin and protein tyrosine kinase-dependent mechanisms. This coupling causes a release of nitric oxide (NO) which in turn leads to vasodilatation \[[@R6]\]. Thus, ET~A~ and ET~B~ receptors have opposing roles in the vascular system (Fig. **[1](#F1){ref-type="fig"}**). In a rat, vascular smooth muscle cells also have ET~B~ receptors, where along with ET~A~ receptors, they mediate vasoconstriction \[[@R7]\]. ET~B~ receptors are also located in the kidney, lung and the brain \[[@R8]\].

Remarkably, ET-1 is produced in significant amounts by the prostate and metastatic cancers. It is also made in high concentrations by the central nervous system (CNS). Neurons, astrocytes and glial cells of the CNS produce significant amount of ET-1 \[[@R8]\]. The wide spread distribution of ET-1 and its receptors in the brain suggests that, besides having vascular functions, ET-1 may also be involved in the regulation of CNS \[[@R9]\].

1.2.. Involvement of Endothelin in the CNS
------------------------------------------

Studies have shown that ET is involved in the regulation of the sympathetic nervous system \[[@R10], [@R11]\]. Sympathetic nervous system mediated responses of clonidine have been demonstrated to be blocked by ET antagonists \[[@R10]\] and those of ET-1 by propranolol \[[@R11], [@R12]\]. Under normal physiological conditions, these centrally located receptors are important regulators of cerebral blood flow as well as developmental neuronal migration, proliferation and apoptosis \[[@R13], [@R14]\].

It is well established that ET~B~ receptors are a necessary component of the developing nervous system. ET~B~ receptors act as regulators in differentiation, proliferation and migration of neural cells during pre- and post-natal development, assisting the formation of melanocytes, neurons and glia of the enteric nervous system as well as the CNS \[[@R15], [@R16]\]. The presence of ET~B~ receptors in the subependymal zone, an adult neurogenic niche, of adult rats has introduced the possibility that these receptors may not only regulate the developing CNS, but may play a role in remodeling the adult brain as well \[[@R17]\]. Intracerebroventricular administration of an ET~B~ receptor agonist was found to increase brain-derived and glial-derived neurotrophic factors, and neurotrophin-3 in the brains of normal adult rats \[[@R18], [@R19]\].

1.3.. Endothelin and Mitochondrial Functions
--------------------------------------------

ET has been shown to produce some of its actions by modulating mitochondrial functions. ET-1 induced positive inotropic effect has been found to be associated with a surge in reactive oxygen species production, and ET-1 induced increases in superoxide anion was inhibited by NADPH oxidase blocker apocynin and by mitochondrial ATP-sensitive K+ channel blocker, glibenclamide \[[@R20]\]. An inhibitor of mitochondrial respiratory chain complex I, rotenone, significantly increased the expression of prepro ET-1 gene in the cardiomyocytes \[[@R21]\] indicating that ET-1 may produce impairment of mitochondrial functions leading to myocardial dysfunction in the failing heart. It has been demonstrated that the beneficial effect of ET~A~ receptor antagonist, LU135252 in congestive heart failure is mediated through improvement in mitochondrial functions \[[@R22]\]. Acrolein induced mitochondrial generation of reactive oxygen species in the pulmonary artery endothelial cells along with an increase in ET-1 which were both blocked by rotenone indicating involvement of ET in mitochondrial functions \[[@R23]\]. Both ET~A~ and ET~B~ receptors are expressed in the glioblastoma cell lines and it has been found that ET~B~ receptors mediate proliferation of different types of cancer cells \[[@R24], [@R25]\]. Furthermore, ET~B~ receptor antagonists, BQ788 and A192621, attenuated the viability and proliferation of glioma cell lines as determined by incorporation of BrdU and cell cycle analysis. BQ788 and A192621 were found to trigger apoptotic processes by activating the intrinsic mitochondrial pathway \[[@R25]\] indicating involvement of ET~B~ receptors in mitochondrial functions of glioma cell lines.

1.4.. Neurogenesis
------------------

The process of neurogenesis is most active during pre-natal development. However, it persists throughout the human lifespan. Neurogenesis occurs predominantly in the subventricular zone (SVZ), lining the wall of the lateral ventricles, subgranular zone (SGZ) of the hippocampal dentate gyrus \[[@R26]\] and spinal cord \[[@R27]\] of the adult CNS. Many pharmacological agents such as insulin-like growth factor \[[@R28]\], vascular endothelial growth factor (VEGF) \[[@R29]\] and antidepressants \[[@R30]\], have been identified to modulate neurogenesis and can provide new therapeutic strategies for several CNS disorders such as stroke, traumatic brain injury, depression, Alzheimer's disease and others. The present review will mainly focus on the neurogenesis in the adult brain and its implications in cerebral ischemia.

There are approximately 100 billion neurons in a mature human brain \[[@R31]\]. Each neuron can make connections with more than 1000 other neurons, and an adult brain can have approximately 60 trillion neuronal connections. Cells of other organs such as the skin and the immune system continuously divide and self-renew; however, a neuron in the adult brain, once formed from the parent stem cell, is not likely to undergo division \[[@R32]\]. It has long been the belief that plasticity of the nervous system involves modulating the connections between existing neurons. However, evidence shows that new neurons are being formed in the adult brain also \[[@R33], [@R34]\].

Neuronal production in human starts in the embryonic period around day 42 and occurs until mid-gestation. At  first neural progenitor cells, which are mitotic, are formed  in a symmetrical fashion till 42 embryonic days. After that, the mode of cell division shifts from symmetrical to asymmetrical. During asymmetrical division, one neuron and one neural progenitor are produced \[[@R35]\]. The newly formed progenitor neurons remain in the proliferative zone while the neurons migrate to the neocortex. The cortical neurogenesis is completed in about 108 embryonic days \[[@R36]\]. A naturally occurring process that is essential in the establishment of complex networks of the developing brain involves a loss of about 50% of the neurons. This non-pathological process of neuronal cell death occurs prenatally. Similarly, elimination of about 50% of exuberant connections between neurons occurs postnatally \[[@R31], [@R36]\]. Neurogenesis mostly occurs in the ventricular zone and newly formed neurons migrate radially out to the developing neocortex. It has been demonstrated that ET~B~ receptors in the brain are over expressed at the time of birth and their expression decreases with age and maturity of the brain \[[@R37]\]. It appears that ET~B~ receptors are important in the development of the brain and once the brain is developed, the need for ET~B~ receptors decreases and therefore the expression of these receptors decreases. ET~B~ receptors have been shown to increase the expression of various growth factors, such as VEGF and nerve growth factor (NGF), and have been implicated in playing an important role in the development of vascular and neuronal components of the CNS \[[@R38]-[@R40]\].

1.5.. Mitochondria and Neurogenesis
-----------------------------------

The neuronal cells are highly dependent upon mitochondria for energy production. Mitophagy is the process by which undesired or damaged mitochondria are removed by autophagy and in this manner healthy functioning mitochondria are maintained. Mitochondria have a short life-span of 10 to 25 days compared to the life of neurons, mitophagy induced turnaround of mitochondria is the key to survival of neurons \[[@R41]\]. Impairment of mitophagy has been implicated in diseases such as Alzheimer's disease \[[@R42]-[@R44]\], Parkinson's disease \[[@R45]\] and in ischemic insults of the brain \[[@R46]\]. Mitophagy can be dependent or independent of parkin and prevents mitochondria from fusing with healthy ones and releasing pro-apoptotic proteins \[[@R42]\].

Physiological functioning of mitochondria is important for adult neurogenesis, a critical feature required to repair damaged neuronal tissue by cerebral ischemia. Neurogenesis requires adequate amount of ATP supply to facilitate cytoskeletal rearrangement, neuronal sprouting and organelle transport. Being a primary source of cellular ATP, healthy mitochondrial function is an important prerequisite to carryout neurogenesis effectively \[[@R47]\]. An enhanced mitochondrial mass appears to be the hallmark of adult neuronal differentiation, which indicates the importance of mitochondria in adult neurogenesis \[[@R48]\]. Increased ATP production is likely to be utilized for cytoskeletal rearrangement, mitochondrial dynamics and membrane turnover involved in neurite outgrowth. Some of the key mitochondrial proteins and transcription factors have been found to be elevated to high levels during neuronal differentiation. Increased expression of uncoupling protein (UCP4) and NeuroD6 mediated kinensin protein expression were observed at various stages of neurite outgrowth \[[@R49]\]. Mitochondria have been identified to be important for axonal growth cone formation, neural polarization and dendrite plasticization aspects of neurite outgrowth \[[@R50]\].

In addition to adult neurogenesis, mitochondria are also important for their role in molecular regulation of angiogenesis and vasculogenesis as evident from the experimental findings in cardiac tissue and cultured endothelial cells. Mitochondria have been found to directly influence hypoxia inducible factor (HIF-1α) signaling by release of reactive oxygen species and α-ketoglutarate, a cofactor for prolyl hydroxylation and destruction of HIF components \[[@R51]\]. Mitochondria thus link the metabolic derangements to the process of vascularization in both physiology and pathology. Mitofusins, functional proteins responsible for fusion of mitochondria have also been found to modulate the VEGF mediated Akt-eNOS signaling in endothelial cells \[[@R52]\].

The putative role of mitochondria in the neurogenesis and vasculogenesis emphasizes the importance of maintaining a healthy mitochondrial network in the context of cerebral ischemia. Various lines of evidence clearly indicate mitochondrial functional impairment in the ischemic nervous tissue and hence therapeutic alleviation of mitochondrial function can be an important target to treat cerebral ischemia \[[@R53]\]. The relation between ET receptor activation and mitochondrial function has been understudied in the case of nervous tissue. Although several reports of ET induced impairment of mitochondrial function in the cardiomyocytes exist, most of the effects mediated through ET~A~ receptor activation. The role of ET~B~ receptors should be studied in a neuronal ischemia model with relevance to mitochondrial function. Since, ET~B~ mediated neurogenesis and vasculo- genesis has been identified to play significant role in cerebral ischemia, a molecular assessment of downstream consequences of ET~B~ activation on mitochondrial function could lead to better understanding of pathophysiology of stroke and help us to devise better therapeutic strategies.

1.6.. Type of ET Receptors Involved in Neurogenesis
---------------------------------------------------

The release of neurotrophic and angiogenic factors, such as VEGF increases significantly *via* stimulation of ET~B~ receptors on the astrocytes \[[@R54]\]. Both ET~A~ and ET~B~ receptors exist in the brain and play an important role. ET~A~ receptor selective antagonists, BQ123 and BMS182874, were found to prevent amyloid beta (Aβ)-induced cognitive deficits. However, a nonspecific ET~A~ and ET~B~ receptor antagonist, TAK044, did not produce any improvement in memory deficit. This lack of improvement with the non-specific ET~A~ and ET~B~ antagonist indicated specific involvement of ET~B~ receptors in memory functions \[[@R55]\]. These findings indicate that ET~B~ receptors play an important role in CNS disorders. ET~B~ receptor deficiency at birth results in a decrease in neuronal progenitor cells and an increase in apoptosis in the postnatal cerebellum and dentate gyrus of rats \[[@R13], [@R14]\]. ET~B~ receptor expression is enhanced in astrocytes following brain injury, while ET production is increased in the injured neurons \[[@R56], [@R57]\]. The stimulation of the glial ET~B~ receptors by ET-1 results in the release of angiogenic and neurotrophic factors \[[@R54], [@R57]\].

1.7.. Potential Clinical Implications of using ETB Receptor Agonist in Cerebral Ischemia
----------------------------------------------------------------------------------------

Several decades ago, it was recognized that ET and its receptors could be potential therapeutic targets to treat and/or prevent ischemic stroke. ET levels in the blood were elevated following ischemic stroke and subarachnoid hemorrhage, furthermore, ET immunoreactivity was increased in the ipsilateral compared with the contralateral hemisphere (119% after 24 h; 184% after 48 h and 459% after 72 h) in rats with cerebral ischemia \[[@R58]\]. ET has been reported to have pathophysiological role in neuronal injury due to ischemia \[[@R59]\]. ET-1 has a strong contractile effect on the cerebral arterial blood vessels \[[@R58], [@R60]\], producing major reduction in cerebral blood flow leading to infarction and neurological deficits \[[@R61]\]. An increase in ET-1 levels coincided with a decrease in regional cerebral blood flow in the ischemic areas following experimental stroke, these findings prompted investigation of ET receptor antagonists in the treatment of focal ischemic stroke \[[@R62]\]. Selectively blocking ET~A~ receptors in closed head injury and ischemic stroke was found to significantly improve neurological outcome \[[@R63], [@R64]\]. The volume of infarction following focal cerebral ischemia in rat was reduced by non-selective ET~A~ and ET~B~ receptor antagonist TAK-044 and selective ET~A~ antagonist, BQ123 \[[@R65], [@R66]\]. ET~A~ specific and non-specific ET~A~ and ET~B~ receptor antagonists showed promising results in experimental stroke models \[[@R63], [@R65], [@R67]\] but were not successful in clinical trials \[[@R68], [@R69]\]. A majority of research has focused on selectively antagonizing the ET~A~ receptors to prevent vasoconstriction following stroke.

We have demonstrated that ET~B~ receptors in the brain are over expressed at the time of birth and their expression decreases with maturity of the brain \[[@R37], [@R40]\]. It has been shown that damaged brain exhibits a re-emergence of childhood organizational patterns, reminiscent of an ontogenetic state \[[@R70]\] and is primed for recovery. However, endogenous remodeling of the CNS is not sufficient to restore neurological function. Evidence that a deficiency in ET~B~ receptors leads to a poorer outcome following cerebral ischemia \[[@R71]\] and deficiency or blockade of ET~B~ receptors leads to exacerbation of damage to the CNS following ischemia \[[@R72]\] suggesting that a role of ET~B~ receptors in pathophysiological process of ischemic stroke should be investigated (Fig. **[2](#F2){ref-type="fig"}**).

We have shown that selectively activating ET~B~ receptors, with IRL-1620, in a focal stroke model has been shown to be effective in reducing the infarct volume to 24.47±4.37 mm^3^ versus 153.23±32.18mm^3^ in vehicle-treated rats 24 hours after infarction. In another study, rats received three injections of either vehicle or IRL-1620 (each dose of 5 µg/kg) intravenously at 2, 4, and 6 hours after permanent occlusion, rats were observed for 7 days and it was found that treatment with IRL-1620 significantly reduced infarct volume (54.06 ± 14.12 mm^3^ vs. 177.06 ± 13.21 mm^3^) and improved all the parameters depicting neurological and motor functions when compared to the vehicle-treated group \[[@R73]-[@R75]\]. An increase in plasma ET-1 levels and tissue ET immunoreactivity, combined with evidence that a deficiency in ET~B~ receptors leads to a poorer outcome following cerebral ischemia \[[@R58], [@R71]\] indicates that there is involvement of ET~B~ receptors in brain ischemia. Deficiency or blockade of ET~B~ receptors exacerbates ischemic brain damage, possibly due to a shift in ET vasomotor balance \[[@R71], [@R72]\]. It was found that protection and recovery from cerebral ischemia was at least partially due to an increase in angiogenesis and neurogenesis within 7 days following treatment with IRL-1620. The count of VEGF-positive vessels/30 µm brain slice in the IRL-1620 group were significantly higher (11.33±2.13) versus vehicle group (4.19±0.79) \[[@R75]\]. An increase in the vascular and nerve growth factors in the ischemic brain hemisphere of IRL-1620-treated animals coincided with an increase in the expression of ET~B~ receptors. Moreover, functional ET~B~ receptors have been shown to protect against apoptosis and enhance the proliferation of neuronal progenitors in the dentate gyrus, olfactory epithelium and cortical neurons \[[@R72], [@R76]-[@R78]\].

ET~B~ receptor stimulation, *via* IRL-1620, significantly reduced neurological deficit, improved motor functions and oxidative stress markers and decreased infarct volume following ischemia in rats \[[@R73], [@R74]\]. Additionally, IRL-1620 provided marked neuroprotection at both 24 hours \[[@R73]\] and 7 days \[[@R74]\] following occlusion of the middle cerebral artery and reduced infarct volume by 83.66% in the acute study and 69.49% in the chronic study. IRL-1620 treatment preserved neuronal numbers in the cerebral cortex, striatum and SVZ and also increased ET~B~ receptor expression in the ischemic hemisphere of the rat brain. IRL-1620 treatment also enhanced the number of blood vessels that labeled positive with VEGF when compared to the vehicle treatment \[[@R75]\]. Thus, IRL-1620, when administered intravenously, was found to be highly effective in preventing damage following stroke and helped in the neurovascular remodeling of the ischemic brain by angiogenesis and neurogenesis \[[@R75]\].

2.. CONCLUSION
==============

About 795,000 people experience a new or recurrent stroke each year and 610,000 of these are first attacks, and balance 185,000 are recurrent attacks. Eighty seven percent of all strokes are ischemic and balance thirteen percent are hemorrhagic \[[@R79]\]. The two major approaches that can be used for the treatment of cerebral ischemia are neuroprotection, which requires an acute intervention, and neurorestoration, which can be instituted during the stroke recovery phase \[[@R80]-[@R82]\] (Fig. **[2](#F2){ref-type="fig"}**). Several trials have been conducted or are in progress using pharmacological agents such as amphetamine, methylphenidate, levodopa, sildenafil, serotonin uptake inhibitors, erythropoietin, statins, and granulocyte colony stimulating factor but none involves stimulation of ET~B~ receptors. It will be of great interest to determine whether stimulation of ET~B~ receptors produces neuroprotection or neurorestoration (reparative and regenerative) or both through the involvement of mitochondria. It is also worthwhile exploring the neuroprotective and neurorestorative role of ET~B~ receptors in the brain and may form the basis for the design of novel and effective strategies for the treatment of ischemia-induced brain damage.
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![There are two types of ET receptors: ET~A~ and ET~B~. ET~A~ receptors are found on the vascular smooth muscle and are vasoconstrictor. ET~B~ receptors are identified as ET~B1~ and ET~B2~ based upon pharmacological response to RES701. RES701 was found to block ET~B1~ (located on vascular endothelial cells and function as dilator) but not ET~B2~ (located on vascular smooth muscle cells and function as constrictor).](CN-14-619_F1){#F1}

![Cerebral ischemia produces a wide variety of changes in the CNS. They can broadly be classified as injury and repair mechanisms. It is our hypothesis that ET~B~ receptor agonist, IRL-1620, may be acting a neuroprotective and may also participate in the repair mechanism following cerebral ischemia. It has been demonstrated that IRL-1620 is both neuroprotective and participates in the repair mechanism in animal model of cerebral ischemia.](CN-14-619_F2){#F2}
